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One hundred years ago, Ramon y Cajal speculated that "an axipetal polarization of the protoplasma" could explain why electrical signals flow within neurons from dendrites to axons (1, 2) . Although the language is now antiquated, the concept that inherently polarized structural elements determine the direction of information flow in neurons is well accepted. Such structural polarization is exemplified by the synapse, in which synaptic vesicles line up on the axonal (presynaptic) side and neurotransmitter receptors are concentrated on the dendritic (postsynaptic) side. The postsynaptic component of the synapse acquires its unique protein distribution as a result of the one-way flow of newly synthesized proteins from the cell body to dendrites (3) . As with the polarized flow of chemical signals, it is logical to assume that the polarized trafficking of newly synthesized proteins is determined by intrinsically polarized structures, in this case, structures within the neuronal cytoskeleton. However, the nature of these structures has been unknown. Recently, three papers have been published that identify cytoskeletal elements essential for neuronal polarity and provide a framework for understanding how these structures might mediate polarized targeting of neuronal proteins (4) (5) (6) .
Decades of work, some leading to the Nobel prize, has shown that encoded within the primary amino acid sequences of proteins are the signals that determine their ultimate subcellular localization; for instance, there are well-defined protein sequences that cause localization to the secretory pathway or to the nucleus (7) (8) (9) . Similar signals determine the localization of proteins to the apical and basolateral membrane domains of polarized epithelial cells (10) . Inspired by these discoveries, neurobiologists have identified signals that are necessary and sufficient for targeting of proteins to axons or dendrites (11) (12) (13) . However, because the proteins with which these signals interact have proven difficult to identify, the mechanisms by which they mediate targeting have remained obscure (14) . Another avenue for understanding polarized targeting involves studying the transport process itself. For instance, kinesin molecules serve as the motors that transport vesicles containing transmembrane proteins to the axon and dendrites (15) . Furthermore, certain kinesin motors interact specifically with dendritic proteins and are confined to the dendrites, suggesting that dendritic targeting might occur simply as a result of the preference of individual kinesin motors for dendritically projecting microtubules (16) (17) (18) . However, the motor domains of dendritically localized kinesins do not appear to have an intrinsic preference for dendritically versus axonally projecting microtubules, suggesting that targeting of proteins to dendrites depends on additional cues (19) .
Three groups have recently taken a fresh approach to this question by looking Fig. 1 . A model for dendritic targeting. Vesicles containing dendritic proteins (dark green) associate with both kinesin motors and Myosin Va (light green) and move along axonally projecting microtubules (purple) until Myosin Va interacts with actin filaments (blue). The orientation of these filaments causes Myosin Va and the vesicle to which it is attached to move toward the cell body. Vesicles containing axonal proteins (dark purple) do not associate with Myosin Va and, thus, are able to move to the distal axon unimpeded. In the dendrite, the absence of a vesicle filter allows vesicles carrying dendritic proteins to move distally. Purple denotes detyrosinated microtubules, which are found in the axon, and light green denotes tyrosinated microtubules, which are found in the dendrites. Kif5 is indicated in purple, other kinesins in gray. Neuronal proteins are transported to either the axon or dendrites through the action of kinesin motors; however, understanding of how cytoskeletal elements steer these cargo-motor complexes to one compartment or the other has remained elusive. Three recent developments-the discovery of an actin-based filter within the axon initial segment, the identification of the pivotal role played by myosin motors in dendritic targeting, and the determination of the properties of a kinesin motor that cause it to prefer axonal to dendritic microtubules-have now provided a structural framework for understanding polarized targeting in neurons. showed their presence in the proximal, but not the distal, axon. Together, these observations suggest that within the axon initial segment there is a structure consisting of polarized actin filaments that point out of the axon, preventing vesicles carrying dendritic proteins and bearing activated, +-end-directed myosins from entering the axon (Fig. 1) . This model is consistent with observations made a decade ago that a structure within the axon initial segment acts as a diffusion barrier that prevents surface proteins from moving between polarized neuronal compartments (20) . When does the axon filter form? According to Song et al., in dissociated neuronal cultures it forms between 3 and 5 days in vitro, at least one day after the initial elongation of the process that becomes the axon, the quintessential event in neuronal polarization (21) . Thus, the vesicle filter appears to form after the neuron has become polarized, which raises the question of how polarized proteins are sorted before its establishment. An answer to this question may be found in data presented by Konishi and Setou (4) . This paper describes how a particular region of the kinesin Kif5 causes this motor protein to bind with a relatively low affinity to microtubules modified by tyrosination, a process that occurs more commonly in dendrites (22) . Tyrosination occurs subsequent to detyrosination, a ubiquitous process in which the final (C-terminal) tyrosine of α-tubulin is removed through the action of tubulin carboxypeptidase, an enzyme that is regulated by phosphorylation (23, 24) . Because tubulin carboxypeptidase specifically acts on intact microtubules, most microtubules in regions of high stability such as the axon tend to be detyrosinated (25, 26) . Conversely, the α-tubulin C-terminal tyrosine is added back to the microtubule through tubulin tyrosine ligase (TTL), which acts preferentially on α-β dimers, which predominate in areas of reduced microtubule stability such as the dendrites. TTL itself contains binding sites for such kinases as protein kinase A (PKA), protein kinase C (PKC), casein kinase II (CKII), and tyrosine kinase, and thus is likely also regulated by its phosphorylation state (27) .
Actin and Microtubule-Based Cytoskeletal Cues Direct Polarized Targeting of Proteins in Neurons

N E U R O N A L P O L A R I Z AT I O N
Tailless Kif5 is targeted to the axon immediately after axonal specification and is thought to carry proteins, such as activated c-Jun N-terminal kinase, that propagate the process of neuronal polarization (28, 29) . Thus, early in the process of neuronal specification, before formation of the axon vesicle f ilter, detyrosination of microtubules in the axon could cause Kif5 to bind preferentially to axonal microtubules. After formation of the axon vesicle filter, it appears that microtubule-based mechanisms continue to play a role in polarized targeting. Song et al. found that the ease with which a vesicle carrying a particular protein passes through the axon filter depends on which kinesin isoform is propelling it in addition to the identity of the protein itself. Moreover, Konishi and Setou found that blocking Kif5 function by expressing a dominant negative variant of it caused neurons to have more than one axon, indicating that it is necessary for maintenance of polarity. Defining the relative contribution of microtubule-based versus actin-based polarity mechanisms-as well as signal transduction pathways that could connect the two-will be important areas for future investigation.
Beyond addressing fundamental questions in neuroscience, the discoveries reported in these three papers are likely to find practical applications as they drive the development of new tools to target proteins to specific neuronal compartments. An example of this is illustrated in the work of Lewis et al., who demonstrated that by fusing a short myosin binding motif to Channelrhodopsin-2 (ChR2), a light-activated ion channel, they could cause the expressed channel to localize specifically to dendrites of pyramidal cells in mouse cortex (5, 30) . Dendritic localization, in this case, improves the utility of this Channelrhodopsin for tracing neuronal circuits, and should be of wide interest to systems electrophysiologists (31) . It can be expected that in the future, as more and different molecules are identified that can be used to regulate neuronal activities, strategies to control the subcellular targeting of these proteins will become increasingly important. The basic mechanisms identified in these papers, and those to come, lay the foundation for a new level of control over neuronal protein function.
